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PARAMAGNETIC RESONANCE EFFECT IN VI$XN3ASTIC MATERIALS 

BAG KGROUND 

As a result of NASA support dur ing  the past two years, par t icular ly  
i n  regard to  the basic experimental equipment, we have established tha t  
Electron Paramagnetic Resonance (EPR) can be used t o  study several aspects 
of mechanical f a i lu re  i n  polymers. Systematic e f fo r t s  have been under- 
taken i n  a number of these areas and useful quantitative information has 
been obtained. 

Indeed, the i n i t i a l  resu l t s  have proven so successful tha t  our basic 
program has been reinforced and expanded i n t o  related areas w i t h  the 
assistance of other agencies. For example, the National Science Foundation 
is suppor t ing  an investigation of environmental e f fec ts  upon polymers, 
such as  s t r e s s  crazing and cracking, and also an E P R  investigation of damage 
dur ing  impact and shock loadings. 
Dental Research is sponsoring an EPR investigation of bond rupture i n  
dental materials d u r i n g  decay, g r i n d i n g ,  and crushing. These other agencies 
have expressed appreciation t o  NASA for  the use, on a non-interference 
basis, of the basic EPR spectrometer purchased under the NASA grant. This 
combined support  has permitted us t o  s t ructure  an integrated program which 
has generated important synergistic interactions.  

In addition, the National Ins t i tu te  of 

OBJECTIVES 

The recent i n t e re s t  i n  the space e f fo r t  and rocket technology 
has provided a strong stimulus for research i n t o  f racture  mechanisms 
i n  viscoelastic media. Before this time, the technology was such 
tha t  the engineer and s c i en t i s t  have not  had much t o  work w i t h  i n  
re1 iably predicting the structural  f a i lu re  of propellant grains 
and related elements such as f i b e r  reinforced cases e tc .  
studies of f racture  i n  the past have been involved primarily w i t h  
macroscopic measurements of crack growth and rupture. . Certainly a 
basic understanding of f racture  involves an understanding i n  terms of 

physical models of  the molecular mechanisms result ing i n  fracture.  
through such knowledge and i n s i g h t  can the engineer and sc i en t i s t  
optimally design. From a very practical standpoint, such information 

Experimental 

Only 



is essential  i n  order t o  obtain i n s i g h t  i n to  expected behavior, formu- 
l a t e  possible simplifying assumptions i n  design and analysis, make 
quantitatively meaningful extrapolations, predict behavior- under 
a1 tered service conditions, "design", synthesize and produce bet ter  
materials, e tc .  Such knowledge should be an invaluable tool i n  plan- 
n ing  bet ter  and more conclusive fracture  experiments of a l l  types. 

There has been no dearth i n  theories as  t o  what occurs on an atomic 
level. Most of these are  b u i l ' t  upon the various facets  of r a t e  processes 
theory. The largest problem i n  this area has .been i n  the lack o f  exper- 
imental techniques which can c r i t i c a l l y  t e s t  the theories on the atomic 
level.  I t  is  i n  this area tha t  electron paramagnetic resonance i s  making 

EPR i s  a type of absorption spectroscopy capable 
of detecting unpaired electrons such as  result from the scission of 
covalent bonds. Such bonds are found i n  polymer chains like those present 
i n  a l l  p las t ics  and many propellants.  

can be generated by chemical a t tack,  i r radiat ion damage or by mechanical 
degradation, i .e. crushing, g r i n d i n g ,  machining o r  tens i le  loading. EPR 
provides a powerful means of investigating these type of degradation 
processes. 
ming the number of broken bonds and the spectra shape gives valuable 
clues a s  t o  which bonds a re  being ruptured. 
described as: - how many, a t  _I- what r a t e  of -- which'bonds a re  broken d u r i n g  
fracture. 

. a valuable con t r ibu t ion .  

These unpaired electrons i n  polymers, often called free radicals,  

Monitoring the signal intensi ty  makes i t  possible t o  deter 

In short, o u t  study can be 

Being more specif ic ,  the immediate goals we had s e t  for our- 
selves were: 

1. 

2. 

3.  

4. 

- .  .. 

Investigate the spectra and determine which  
bonds rupture dur ing  f racture .  
Determine the activation energy associated w i t h  
bond rupture, i .e.  the temperature dependence 
o f  scission. 
Determine the ef fec t  of s t ress  i n  lowering the 
activation energy. 
Investigate loading or deformation r a t e  and time 

ef fec ts  on r a t e  of bond rupture for monotonic 
loadings i n  polymers. 
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5.  Investigate the kinetics of bond rupture d u r i n g  
cyclic loading o r  fatigue i n  polymers. The s'ervo- 
controlled hydraulic loading system tha t  has been 
designed and b u i l t  around the EPR apparatus will 
a1 low the application of almost any programmed 
loading (s t ra in  can be similarly controlled i f  
desired),  including cyclic up t o  approximately 
1000 cycles per minute. The early work i n  this 
area is of particular i n t e re s t  t o  us because i t  i s  
i n  general agreement w i t h  a model developed e a r l i e r  
by Williams i n  the related NASA Grant NGR 45-003-029. 
These studies should t i e  i n  well w i t h  macroscopic 
studies of damage accumulation dur ing  'fracture and 
fatigue.  
Investigate the use of a WLF type temperature shift 
i n  broken bond accumulation d u r i n g  f racture .  While 
this type formulation was originally devel oped to  
explain viscoelastic s t ress-s t ra in  behavior, i t  has 
received quite wide success i n  f i t t i n g  such other 
phenomena as fracture.  I t  i s  f e l t  the shift factor  
may also apply fo r  bond rupture and hence fo r  immediate 

6. 

practical  data interpretation and use. 

RESULTS 

Some of our  s ignif icant  f i n d i n g s  which r e l a t e  specif ical ly  t o  the 
NASA objectives include: 

1 .  Strong EPR signals are  obtained dur ing  tensile 
fracture  of  a number of d i f fe ren t  highly drawn 
polymer fibers: Nylon 6, Nylon 6.6, polyethylene, 
and polyester. Note tha t  this i s  n o t  the case for 
cast, extrusion molded materials, e t c .  T h i s  finding 
indicates t ha t  materials engineering may have t o  
include other factors  besides chemical s imilar i ty  
when synthesizing the material. 

-3- 



2. Strong EPR signa 
ical  degradation 
i n  every polymer 
under (1 ) above, 
PVC , polystyrene 

s a re  obtained dur ing  such mechan- 
as g r i n d i n g ,  machining and s l ic ing 
studied. Besides those l i s t ed  
our studies have included PMMA, 

Solithane 113, polypropylene, 
polytetrafl  uoroethyl ene, and others. 

3. We have found t h a t  the Zhurkov and other existing 
rate process models of bond rupture can n o t  generally 
be f i t  t o  our data. 
constant s t r e s s  r a t e  data quite well, b u t  f a i l  
markedly w i t h  other loadings such as creep. 
pseudo-empi r ical  basis , however, i t  was determi ned 
tha t  our da ta  was sa t i s f ied  by a functional relation- 
s h i p  of the form 

Such models can be made to  f i t  
very 

On a 

= 01 exp{ (Bo-y)/kTl css 
where Cs, is the steady s t a t e  concentration of rup-  
tured bonds, ~1 is  a constant related t o  the atomic 
vibrational frequency, y i s  the activation energy 

. associated w i t h  a c-c bond and B i s  an activation 
volume related t o  the bond elongation. The paper t o  
be presented a t  the International Fracture Conference 
gives more de ta i l s  on this aspect of the bond rupture 
as well as some possible correlations w i t h  Zhurkov's 
results. B was found t o  be 4.32 x 10 
and 6 2.28 x i n . 3  for Nylon 6.6 f ibers .  

19 wich pounds 

4. The f r ee  radicals produced i n  Nylon 6 were identified 
t o  be a t  the s i t e  

- N H  - CA - (CH2)4  - CO - 
T h i s  radical does not represent main chain scission 
and is  l ike ly  not formed d i rec t ly  by the internal bond 
rupture b u t  i s  t h o u g h t  rather t o  resu l t  from radical 
suggestion. 
i n  radicals identified as being due t o  the rupture of 

Careful studies a t  low temperature resulted 

the bond. 
(- N H  - CO - CH2 - .. ( C H 2 ) 4  - >  
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' 5. Dependence of primary bond rupture on s t r a in  rate 
and s.tress r a t e  have been measured. 
measurements indicate tha t  as  these rates  increase 
the number of bonds required t o  f racture  the spec- 
imen a lso  increase. A t  very h i g h  ra tes  there i s  
some indication tha t  i t  may go through a maximum; 
such resu l t s  are  not conclusive however. 
EPR has been used t o  investigate the accumulation 
o f  damage dur ing  cyclic loading. Attempts to  f i t  a 
Zhurkov type relation w i t h  the constants determined 
from constant s t r e s s  r a t e  t e s t s  were par t ia l ly  
successful i n  t h a t  i t  d i d  predict the general trends. 

Preliminary 

.r 

6. 

OBJECTIVES AND RESULTS IN THE RELATED PROGRAMS 

As noted previously, National Science Foundation i s  suppor t ing  work 
using these techniques t o  study s t r e s s  crazing and other surface and 
environmental effects  on fracture.  Some of the results of these studies 
might  be relevant t o  NASA objectives and goals. A few of these results 
are : 

1. Ozone induced cracking i n  rubber resu l t s  i n  strong 

formed under the combined influence of uniaxial 
tensile s t r e s s  and ozone were found t o  be quite 
stable. The i n i t i a l  r a t e  of bond rupture was 
found t o  be approximately proportional t o  ozone 
concentration a t  a fixed s t ra in .  A threshold 
s t r a in  of approximately 3% was found below which 
no e f fec t  of the ozone environment was detected. 
EPR is apparently a very sensi t ive means of study- 
i n g  such degradation. 
used t o  study' similar environmental and aging effects  
i n  s o l i d  propellants and other polymers, a s . f o r  
example smog attack on automobile t i r e s .  
Studies of new surfaces formed by fracture  on a num- 
ber of semicrystal 1 ine polymers indicate that  the 
number of broken bonds is more than an order of 

. eas i ly  detectable EPR signals.  Free radicals 

I t  could quite probably be 

2. 
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magnitude less than one would expect a plane pass- 
i n g  through the cross section of'  the sample t o  cut 
( ~ 1 0 ~ ~  compared t o N 3  x 10 ). The crack surface 
apparently se lec ts  a path about the michelle-that 
requires roughly 10 times fewer broken bonds than 
were it t o  pass through these small c rys t a l l i t e s .  
Above the glass t rans i t ion  temperature the number of 
broken bonds per u n i t  new surface formed drops o f f  
rapidly. 
Most bonds that  a re  broken i n  these polymers l i e  
w i t h i n  a couple of microns of the fracture  surface. 
A systematic study of f ree  radical l ifetime a t  various 
temperatures is well underway. Such information is  
essential  i n  accurately interpreting a l l  our resu l t s ,  
i n c l u d i n g  those of NASA. 
Work has begun on a model of f racture  tha t  re la tes  
this phemomena through r a t e  process theory to  random 
lengths of t i e  chains between c rys t a l l i t e s  i n  
semi-crystalline polymers. 

14 

3 .  

4. 

5. 

6. 

Research under National In s t i t u t e  of Dental Research sponsorship i n  
investigating the use of EPR for research i n  teeth and dental materials 
has been largely involved w i t h  the following: 

1.  An EPR study of dental decay, involved largely 
w i t h  the number of bonds broken as a function of 
ac t iv i ty ,  posit ion-relative t o  decay tooth inter- 
face, e tc .  The ef fec ts  of various dental medica- 
ments is also being studied. 

2. X-ray damage t o  t o o t h  material. 
3: An investigation of g r i n d i n g  mechanisms, bonds 

broken a s  function of g r i n d i n g  speed pressure, 
burr type, e tc .  

As witnessed by the attached t i t l e s  of abstracts  of papers and reports, 
EPR has already yielded considerable information and  enlightenment i n  most 
of these areas. T h i s  past success has made these investigators very enthu- 
s i a s t i c  about  the methods potential i n  our future e f for t s .  
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LECTURES AND PAPERS 

Our coordinated project and i ts  f i n d i n g s  have stimulated considerable 
interest among fracture  investigators. 
a number of invitations t o  give lectures on our studies before various 
research groups. 
Chemical Rocket Propulsion Group, October 1968, an invited lecture  a t  the 
1969 Polymer Conference Series i n  Detroit i n  May 1969, an invited lecture  
a t  the Second International. Conference on Frac.ture i n  Brighton,  England, 
April 1969, an invited lecture  a t  the Mechanical Properties of Polymers 
session of the American Chemical Society meeting i n  October 1969. 

' t ion ,  d u r i n g  the l a s t  year we have been invited t o  g ive  seminars a t  Carnegie- 
Mellon University and the Camille Dreyfus Ins t i tu te  fo r  Polymer Research 
a t  the Research Triangle Ins t i tu te ,  and a t  the International Congress of 
Rheology i n  Kyoto, Japan, i n  October 1968. Most of the above lectures will 
be publ i shed . 

thought  has gone i n t o  the preparation of these manuscripts and copies of a l l  
of them have been submitted t o  NASA along w i t h  a ra ther  comprehensive review 
o f  our e f for t s  up to  about four months ago i n  the form of the doctorate 
disser ta t ion of David K. Roylance. As i t  would be redundant t o  rewrite our 
resu l t s  for this report ,  we have l i s t e d  above the principal f i n d i n g s  tha t  we 
feel  are  especially s ignif icant ,  and refer the interested readers to  the 
basic publications on f i l e  a t  NASA. Additional copies can, of  course, be 
obtained from our f i les .  

dealing w i t h  EPR which were prepared by our group,  along w i t h  t he i r  abstracts.  

During the year we have received 

These include an i n v i t e d  lecture a t  the Interagency 

In addi-  

We have a1 so prepared several other papers fo r  publ  icat ion.  Considerable 

As a matter of convenience, the Appendix l i s t s  a l l  reports, papers, e tc .  

CONCLUSIONS 

We would l i ke  t o  express our sincere thanks t o  NASA for the suppor t  
Besides the two professors as  which in i t ia ted  a1 1 these studies. 

principal investigators who have gained much i n  knowledge and experience 
from these studies,  one other professor, a dent i s t ,  a research engineer, 
and seven students have benefited from the ava i lab i l i ty  of this equipment. 
Three of the graduate students have also received financial support  from 
the NASA 'grant. 
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Appendix 

LISTING OF REPORTS AND PUBLICATIONS 

1. "Paramagnetic Resonance Effect i n  Viscoelastic Materials," K. L .  DeVries 
and M .  L. Williams, UTEC DO 67-049, Semi-Annual Progress Report, NASA 
Grant NGR 45-003-037, 1 January 1967 - 30 June 1967, 1 July 1967. 

During the period covered by th i s  grant, the EPR equipment 
has been purchased, +received, and put into operation. 
A variable temperature accessory has been instalZed that  
makes it possible t o  maintain and control the temperature 
a t  any value between -18S°C and +3OO0C. Facili t ies have 
also been constructed t o  control the atmosphere of the 
sample i n  the microwave cavity. A hydraulic loading frame, 
pump, controts, etc. have been designed and constructed for 
tensile loading the samples i n  the microwave cavity. Load, 
strain, and EPR spectra can be simultaneously recorded on a 
built- in oscillograph system. 
i l lustrated i n  Figure 1. This report w i l l  describe some of 
the early results obtained i n  studying fracture mechanisms 
with th i s  equipment and apparatus. 

The experimentaz set  up i s  

. 2. "An EPR Investigation of Newly Formed Fracture Surfaces," K. L.  DeVries 
and M .  L .  Williams, Presentation t o  14th Sagamore Army Materials Research 
Conference, Raquette Lake, New York, Augus t  22-25, 1967, UTEC DO 67-006, 
Augus t  1967 ( t o  appear i n  Proceedings). (NASA/NSF) 

Electron paramagnetic resonance i s  used t o  stud3 the free 
radicals formed during mechanical fracture and y- 
irradiation. 
herein. 
and the rate o f  recombination and the rate o f  reaction 
with oxygen discussed. 
data for drawn Nylon 6 f ibers i s  also included. 

The experimental results are reported 
An identification of the free radicals i s  given 

Preliminary tensile fracture 

3 .  "Some Preliminary Measurements of Free Radical Formation i n  Polymers 
Under Stress," K. L. DeVries, D. K. Roylance, and M. L. Williams, Presen- 
ta t ion  t o  6th ICRPG Working Group on Mechanical Behavior, Pasadena, Calif.,  
December 4-6, 1967, UTEC DO 67-026, December 1967, (NASA) 

I t  i s  proposed t o  present some i n i t i a l  observations on the 
use o f  eZectron paramagnetic resonance to  detect the number 
o f  free radicals formed i n  polymeric materials due t o  the 
application of tensile stress. 
theoretical background, including the pioneer work of 
Zhurkov will be followed by our i n i t i a l  resul ts  showing 
the signatures and decay rates obtained, i n  two materials, 
dram Nylon and Solithane 113 for three types of damage t o  
the specimens -- crushing, radiation, and stretching. 

A s m a r y  of pertcfient 



4. "Stress Crazing i n  P las t ics , "  K. L. DeVries and M .  L .  Williams, UTEC DO 
67-086, Annual Progress Report, NSF Grant GK-1376, 1 December 1967. 

EPR techniques are being used t o  investigate fracture 
mechanisms i n  poZymerie materiaZs with particuZar attention 
t o  environmentaZ and surface effects.  
tion of free radicaZs, it shouZd be possibZe t o  determine 
not only the nmber, but which bonds are broken during 
various mechanical type faiZures i n  covaZentZy bonded 
materials. An EPR Spectrometer has been received (purchased 
by funds from other sources), set  up, and put into operation. 
Accessory equipment has been designed, and partially con- 
structed and assemb Zed. This equipment inc Zudes from -2 90°C 
t o  +3OO0C. A loading system has been constructed (a semo 
control system is presentZy being added t o  t h i s  system) that 
when compZeted w i Z Z  be capable of constant Zoad or strain, 
constant Zoad or dispZacement rate, as weZZ as various pro- 
grammed 'loadings. A systematic study of fracture is under 
way using th i s  equipment. Some interesting and significant 
findings have aZready been made, as are outZined Zater i n  
t h i s  report and i n  our paper at the Sagamore MateriaZs 
Conference. 

Through th i s  detec- 

5. "Fracture i n  Dental Materials Using EPR," M.  L.  Williams and K. L.  DeVries, 
UTEC DO 67-085, Annual Report, NIDR Grant DE 02615, 5 December 1967. 

EPR studies have been conducted on dentaZ emmet, 
dentin, colZagen, gelatin, ar t i f i c iaZ tooth (PMMA) , 
Pi@& tooth f izzing material (Seueritron), PMMA base 
materia2 (hueitone), PMMA base repair materia2 (Long ' s  
Repair AcryZics), and epoxy resin AraZdite 502 t o  shed 
l ight on the fracture mechanisms i n  these polymers. 
The mechanicaZ degradation has been correZated with 
that of y-irradiation using EPR technique. The 
mechanicaZ degradation has been investigated by 
grinding these poZymers, when applieabZe, i n  Ziqgid 
nitrogen and recording their EPR spectra at -160 C. 
MechanicaZ degradation resuZts i n  the breaking of p o t y -  
meric bonds, giving r ise  t o  free radicaZs which are 
recorded speetrometricaZZy. Different spectra are 
obtained for  dental e m e Z ,  dentin and col Zagen, 
Spectra of gelatin is similar t o  colZagen with some 
deviation. 
more or Zess the same with the exception of PMMA tooth 
fizzing materia2 i n  which case two new peaks appear. 
The formation of different EPR spectra has been discussed 
and where possibZe the free radicaZ responsibte for  t h i s  
spectra has been detected. 

Spectra of dental poZymeric materiaZs are 
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6, "Paramagnetic Resonance Effect in Viscoelastic Materials," K. L. DeVries 
and M. L. Williams, UTEC DO 68-008, Semi-Annual Progress Report, NASA 
Grant NGR 45-003-037, 1 July 1967 - 31 December 1967, 1 January 1968. 

7. "An Investigation o f  Basic Fracture Mechanisms Using EPR," K. L. 
DeVries, D. K. Roylance, and M. L. Williams, UTEC DO 68-056, 15 July 
1968. 

Using EPR, it has been possibZe t o  determine how many 
of which bonds are broken during fracture and t o  monitor 
the bond breakage as a function of time. Such studies 
provide important new insights into the mechanisms and 
kinetics of the fracture process. From an anaZysis of 
the EPR spectra and correZation with other results i n  
the literature, it was deduced that the primary fxacture 
points i n  Nylon 6 are the c7c bonds occupying $-positions 
with respect GO the amide groups. 

8. "An EPR Investigation o f  Polymer Fracture," D. K. Roylance, UTEC ME 
68-059, Ph.D. Dissertation, Mechanical Engineering Department, University 
o f  Utah, August 1968. 

Electron paramagnetic resonance (EPR) spectroscopy is 
a form of microz;ave absorption spectroscopy i n  which 
transitions are induced between the Zeeman energy levels 
or unpaired electrons. 
resuZts i n  the production of unpaired eZectrons, or 
free radieats, EPR spectroscopy can be used t o  study 
the submicroscopic mechanisms-of fracture in these 
materials. 
by y-irradiation and grinding as we22 as uniaxiaZ tension 
has been studied for a nwnber of polymers. 
possible t o  determine how many of which bonds are broken 
during fracture and t o  monitor the bond breakage as a 
function of time so as t o  provide important new insights 
into the mechanism and kinetics of the fracture process. 
Highly crystattine, oriented fibers have proven most 
amenable t o  EPR analysis during tensize fracture and th i s  
paper presents tensize data taken on d r m  poZycaproZactm 
(Nylon 6 )  and poZyethyZene fibers. 
From an anaZysis of the EPR spectra and correZation with 
other resuZts i n  the Ziterature, it was deduced that the 
primary fracture points i n  NyZon 6 are the e-e bonds 
occupying $-positions with respect t o  the amide groups. 
Free radicaZ concentrations i n  th i s  material reach approx- 
imateZy IO1? spins per gram at fracture and foZZow kinetics 
which seem t o  impZy that presently existing theories of 
bond rupture are oversimpZified. 
free radica2 formation are con-@Zex, a correZation between 
stress and the steady-state free radicaZ concentration 
was found which took the form of a thermaZZy-activated 
stress-aided process. 

Since bond breakage i n  poZymers 

Using EPR techniques, bond breakage induced 

It has been 

AZthough the kinetics of 
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9. "Fracture Detection i n  Polymers by Electron. Paramagnetic Resonance," 
D.  K. Roylance, X. L .  DeVries, and M. L .  Williams, For presentation a t  
2nd International Conference on Fracture, Brighton,  England, Apr i l  13-18, 
1969, UTEC DO 68-069, 31 Augus t  1968. (NASA/NSF) 

Electron paramagnetic resonance (EPR) spectroscopy is a 
form of microwave absorption spectroscopy i n  which transi- 
tions are induced between the Zeeman energy levels of 
unpaired electrons. 
results i n  the production of unpaired electrons, or free 
radicals, EPR spectroscopy can be used to study the 
submicroscopic mechanisms of fracture i n  these materials. 
Using EPR techniques, bond breakage induced by uniaxial 
tension has been studied for  a number of polymers. It 
has been possible t o  determine how many of which bonds 
are broken during fracture, and t o  monitor the bond breakage 
as a function of time so as to provide important new 
insights into the mechanism and kinetics of the fracture 
process. 
most amenable t o  EPR analysis during tensile fracture, and 
th i s  paper presents tensile data taken on drawn polycapro- 
lactam (Nylon 6 )  fibers. Free radical concentrations i n  
th i s  material reach approximateZy 1017 spins per gram at 
fracture ( in  th i s  case number of free radicals present). 
The kinetic behavior seems t o  i m p l y  tha t  presently existing 
theories of bond rupture are oversimplified. Although the 
kinetics of free radical formation are complex, a correla- 
t ion between stress and the steady-state free radical con- 
centration was found, however, which took the form of a 
themally-activated stress-aided process. 

Since bond breakage i n  polymers 

Highly crystalline, oriented f ibers have proven 

10. "Fracture i n  Dental Materials Using EPR," K I  L .  DeVries and M. L. Williams, 
UTEC DO 68-078, Annual Report, NIDR Grant DE 02615, 31 August  1968. 

Since October I ,  1967, the University of Utah has been 
conducting a study of microscopic mechanisms reZating 
t o  failure of dental materials using an electron para- 
magnetic resonance (EPR) spectromster. 
results indicate that the use of EPR methods W i Z l .  
materially help i n  understanding the microscopic frac- 
ture mechanisms i n  dental materials which occur during 
grinding, mechanica 2 loadi.ng, x-ray penetration, and 
biological decay. ' 

Our preliminary 
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11. 

12. 

"Electron Paramagnetic Resonance Measurement o f  Strain Rate and Cyclic 
Effects on Bond Rupture," M. L.  Williams and K. L.  DeVries, Presentation 
t o  5th International Congress o f  the Society o f  Rheologjl, Kyoto, Japan, 
October 5-1 9 , 1968 , UTEC DO 68-083 , September 1968. (NASA/NSF) 

EZectron paramagnetic resonance (EPR) techniques t o  study 
free radicaZ generation i n  soZids has been used t o  examine 
the appZicabiZity of the originaZ Zhurkov formuZa for 
bond breakage, dNJdt  - B exp(acr), during constant stress, 
constant stpess rate, and Zow cycZe fatigue Zoading. 
CorreZation was found for constant stress rate and quaZi- 
tat ive  agreement for  the other Zoaidings. A.c 
of the history of the radicaZ concentration, F 
soZeZy the fracture Zifetime, is recommended as a key t o  
guide further theoreticaZ deveZopments. 

"An Atomic Approach t o  Fracture o f  Polymers," K. L. DeVries and M .  L .  
Williams, Presentation t o  7 t h  ICRPG Working Group, on Mechanical Behavior, 
Orlando, F lo r ida ,  November 13-15, 1968, UTEC DO 68-073, 15 September 1968. 
(NASA/NSF/NIDR) 

The fieZd of rocket tecnnoZogy has stimuZated research 
in to  the mechanisms of fracture i n  viscoeZastic media. 
This i s  particuZarZy true for fracture i n  potymers, where 
the engineer and scientist  is faced not onZy with the 
probZem of structuraZ faiZure of the propeZZant grain 
i tseZf,  but aZso reZated structuraZ eZements such as the 
f ibers of reinforced pZastic sheZZs. 
the fracture phenomenon from two distinctZy different 
points of view, either the submicroscopic (atomic) approach, 
or the macroscopic standpoint. 
attempts t o  reZate externaZ Zoadings t o  rnoZecuZar forces 
which i n  turn resuZt i n  chemicaz bond rupture. 
Zation of these broken bonds then Zeads t o  the finaZ gross 
fracture of the specimen or engineering eZement. 
macroscopic approach the materia2 is normaZZy treated as a 
continuum or  at Zeast a quasi-continuum with mathematicaZZy 
introduced fZows or hotes, and the emphasis is pZaced on 
devising some functionaZ reZationship such as an energy 
baZance or statisticaZ anaZysis of crack nucZeation or 
growth deaZing with the Zoea2 stress and/or strain i n  the 
materiat. CertainZy th i s  Zatter approach has received 
the most attention t n  engineering anaZysis. I t  aZZows 
the prediction of faizure for specific Zoadings and pro- 
vides the engineer tsith a generaZZy satisfactory design 
toot .  
an understanding, usuaZZy i n  terms of a physicaZ modet, 
of the moZecuZar mechanisms. 
important t o  the engineer and materiaZs scientist  from a 
very practicaZ standpoint. 
standing is it possibZe to:  
behavior, possibZy simpzifying assumptions i n  design and 
anatysis, make quantitativety meaningfuZ extrapoZations, 
predict *behavior under aZtered service conditions, etc. 
as we22 as better pZanned experiments. 

One can approach 

In the atomic approach one 

The accwrm- 

In the 

However, a basic understanding of fracture 'invo Zves 

Such an understanding is 

OnZy through such an under- 
obtain insights into expected 
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12'. (contd.) 

mtiZ very recentty most investigations of poZymer strength 
at the microscopic ZeveZ have been whoZZy theoreticaZ i n  
nature. 
on Rate Process Theory, and speciaZized t o  the case of uni- 
axiat tension. 
as a s tat is t icat  phenomenon i n  which the appZied stress lowers 
the activation energy of the bond. 
theories have been abZe t o  cZaim a certain amount of agree- 
ment with macroscopic experimentaz observations. It might 
be argued, however, that when two, three, or more adjustabk 
parameters are avaiZabZe, many aZternate reasonabZe modeZs 
might accompdate a given set of experimentaz data. 
It wouZd therefore appear that improved experimentaz tech- 
niques wouZd be heZpfuZ, particuZarZy i f  these couZd be 
related t o  atomic occurrences. 
deveZoped. 
which w i Z Z  aZZow the observation of the rate of rupture of 
"Zigaments" i n  eZastomer foams. 
RegeZ, Muinov, and Pozdnyakov and by Andrews and Reed invoZves 
the anaZysis of gases evoZved from a poZymer during fracture. 
These gases reportedty originate at the broken ends of poZymer 
chains and are deveZoped as a resuZt of the unpaired eZectrons 
a t  these si tes.  
direct measurement of atomic bond rupture by measuring free 
radicaZ concentration using eZectron paramagnetic resonance 
(EPR) techniques. It i s  a direct outgrowth of the originaZ 
investigations conducted by Zhurkov and h i s  co-workers at 
Leningrad. 
of the  resuZts invoZving these techniques which have been 
obtained since the middZe of 1967 at the Inst i tute  fo r  MateriaZs 
Research at the University of .Utah. 

The buZk of these approaches has been based ZargeZy 

In th i s  Zatter case, bond breakage i s  treated 

The authors of such 

A few such methods are being 
Knauss i s  deveZoping an acoustic noise technique 

Another approach used by 

The method used by the authors permits a 

This paper w i Z Z  present a brief synopsis of some 

13. "Free Radical Formation During Machining and Fracture o f  Polymers," 
D.  K. Backman and K. L .  DeVries, UTEC ME 68-099, December 1968, submitted 
for pub1 icat ion.  (NASA/NSF) 

Electron paramagnetic resonance measurements of the 
number of free radieaZs formed during cutting and grind- 
ing of poZymers are described. 
crystaZ 'line po Zymers studied that be Zow the gZassy 
transition temperature about 2 x 1013 free radicaZs are 
formed per sq em of surface formed. I t  i s  proposed 
that t h i s  number resuZts from the crack progressing 
selectiveZy through the gZassy regions about more 
ordered regions i n  the polymers. 

I t  was found i n  the semi- 
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14. "The Uses of Electron Paramagnetic Resonanc'e i n  Studying Fracture," K. L. 
DeVries, D. K. Roylance, and M. L. Williams, UTEC DO,68-100, December 1968, 
submitted for pub1 icat ion.  (NASA/NSF) - 

The uses of electron paramagnetic resonance (EPR) i n  study- 
ing aspects of polymer fracture are discussed. 
t i v i t y  of EPR is such that a l l  phases of fracture are not 
amenable t o  investigation by these means. 
attempts t o  define those areas where the authors' experience 
would indicate that success might or might not be expected. 
A discussion of the difference between the tensile fracture 
of d r m  polymer fibers, in uhich strong signals are obtained, 
and cast and molded.materiaZs is given; 

The sensi- 

This paper 

15. 
' 

"Electron Paramagnetic Resonance Measurements o f  Strain Induced Ozone 
Cracking i n  Rubber," K.  L. DeVries, E.  R .  Simonson, and M. L. Williams, 
For presentation a t  the ASME Conference "Environmental Effects i n  
Fatigue of Engineering Materials," Washington, D. C . ,  March 31 - A p r i l  2 ,  
1969, UTEC DO 68-103, 5 December 1968. 

An electron paramagnetic resonance (EPR) method for monitor- 
ing the rate of atomic bond rupture in rubber subjected t o  
uniaxial tensile strain i n  an ozone environment i s  described. 
The free radicals so formed are found t o  be quite stable and 
present i n  large, easily detectable concentrations. The 
i n i t i a l  rate of bond rupture was found t o  be approximately 
proportional t o  ozone concentration at a fixed strain. 
a prestrain of three per cent, no e f fec t  of the ozone envipon- 
ment-was detected; above th i s  threshold, the rate of rupture 
increases with strain up t o  strains of approximately twenty 
per cent. It appears t h a t  th i s  EPR technique is very sensi- 
t i ve  and can yield information not readily obtainable by 
more conventional techniques. 

Below 

16. 
-c: 

"Paramagnetic Resonance Effect i n  Viscoelastic Materials," K. L. DeVries 
and M .  L. Williams, UTEC DO 68-109, Annual Progress Report, NASA Grant 
NGR 45-003-037, 1 January 1968 - 31 December 1968, 1 January 1969. 

17. "EPR Investigation of Bond Rupture i n  Teeth and Dental Materials 
due t o  X-Ray Irradiation and Grinding,"  R. R .  Despain, K. L. DeVries, 
and M .  L. Williams, For presentation a t  47th  Annual Meeting o f  The 
International Association for  Dental Research and the North American 
Division of IADR, Houston, Texas, March 20-23, 1969. 

Electron paramagnetic resonance (EPR) technique UZZows 
the measurement of molecular bond fracture. This paper 
reports the accumulation of broken polymeric bonds 
during various types of degradation i n  dental materials 
and teeth, including damage resulting from x-rays and 
grinding. 
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I. 

17. (contd.) 

Whole and sectioned teeth were subjected t o  x-rays of 
various intensity between 60 and 90 kv and current links 
between 10 and 15 ma for total  dosages up t o  100 seconds. 
For the grinding studies, the e f fec t  o f  burr speed, 
pressure, cooling, and other factors on number of broken 
ruptures i s  discussed. 

It appears that i n  certain cases, EPR can give an impor- 
tant insight into microscopic fracture mechanisms i n  
dental research. 

18. "Investigation of Decay with EPR," R. R. Despain, K. L. DeVries, and 
M. L. Williams, For presentation at 47th Annual Meeting of The Inter- 
national Association for Dental Research and the North American 
Division of IADR, Houston, Texas, March 20-23, 1969. 

Electron paramagnetic resonance (EPR) i s  an expertmental 
means of measuring microscopic fracture by detecting the 
concentration of free-radicals i n  living and inert  p o l y -  
meric materials. I n  principle, the type of broken 
chemical bond can also be measured. Carious material 
was removed from a number of human teeth and szlbjected 
t o  analysis by EPR. Signals, indicative of bond des- 
truction, were detected. 
t o  be proportional t o  the act iv i ty  and extent o f  decay. 
Test results showing the ef fects  of certain cavity medica- 
ments on decay act iv i ty  are also presented. 

The signal intensity was found 


